Human mucin gene MUC5AC is clustered with MUC2, MUC5B and MUC6 on chromosome 11p15.5. We report here the full length cDNA sequence upstream of the repetitive region of human MUC5AC. We have also determined the sequence of its large central tandem repeat array. The 5h-region reveals high degree of sequence similarity with MUC2 and MUC5B and codes for 1336 amino acids organized into a signal peptide, four pro-von Willebrand factor-like D domains (D1, D2, Dh and D3) and a short domain which connects to the central repetitive region. In the central region, 17 major domains have been identified. Nine code for cysteine-rich domains (Cys-domains 1-9) and exhibit high sequence similarity to the cysteine-rich domains described in the central region of MUC2 and MUC5B. Cys-domains 1-5 are interspersed by domains enriched with serine, threonine, and proline residues. Cys-domains 1-9 are
INTRODUCTION
The human mucin gene MUC5AC is clustered on chromosome 11p15.5 with MUC2, MUC5B and MUC6 [1, 2] . This family of genes is thought to encode the secreted gel-forming mucins, which give mucus its visco-elastic properties. They share several structural features including a large central repetitive region flanked by non-repeat regions. The central region is constituted of tandem repeats which vary in length from 24 nt in MUC5AC [3] to 507 nt in MUC6 [4] and encode threonine-and serine-rich sequence. The 5h-and 3h-flanking regions encode cysteinerich domains which share similarities with the B, C, D and CK domains found in the pro-von Willebrand factor (pro-vWF) [3, [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . Sequence similarities between these four genes support the notion that they have evolved from a single common ancestral gene [17] . Like the other MUC genes, they have been found to show a high level of genetically determined polymorphism which is mainly due to variation in the number of copies of tandemly repeated sequence (variable number tandem repeats; VNTR) within the large central domain [18] .
Qualitative and quantitative alterations in the expression of MUC5AC gene have been reported in various inflammatory or neoplastic situations. MUC5AC which is not expressed in normal intestine is aberrantly expressed in colorectal adenomas [19, 20] . Furthermore, the expression level of MUC5AC is linked to the degree of cellular dysplasia. Likewise, MUC5AC mRNAs are detectable in pancreatic cancers and not in normal pancreas [21] . In chronic airway diseases, such as asthma, bronchitis and cystic Abbreviations used : poly(A) + , polyadenylated ; RT, reverse transcriptase ; TR, tandem repeat domain ; TSP, threonine/serine/proline-rich domain ; VNTR, variable number tandem repeats ; vWF, von Willebrand factor. 1 To whom correspondence should be addressed (e-mail buisine!lille.inserm.fr). The nucleotide sequences reported here have been submitted to EMBL Nucleotide Sequence Database under the accession numbers AJ298317, AJ298318, AJ298319 and AJ292079.
interspersed by four domains (TR1-TR4) composed of various numbers of MUC5AC-type repeats. Southern-blot analyses reveal allelic variations both in length and nucleotide sequence. The length polymorphism which is due to variable numbers of tandem repeats is located in TR1 and TR4, whereas a mutation polymorphism detected with TaqI is located in Cys-domain 6. In this study, the organization of MUC5AC has been entirely elucidated showing extensive similarity to the other chromosome 11p15 MUC genes, particularly MUC5B, and providing additional arguments for common evolution from a single ancestral gene.
Key words : chromosome 11p15, von Willebrand factor, tandem repeat.
fibrosis, an increase in mucus production is associated with the induction of MUC5AC expression, suggesting that it may contribute to the pathogenesis of hypersecretory respiratory disorders [22] . A potential role of MUC5AC during epithelial renewal, and differentiation during foetal development has also been discussed [23, 24] .
To date, the C-terminal region [10, 11, 13] and a part of the Nterminal region of MUC5AC [2, 14, 15] have been well characterized, but much less information is available regarding its central region. Several cDNA clones (JER54, JER58, JER47, JUL32, etc.) have been isolated in our laboratory by screening of two human tracheal cDNA phage libraries [3, 25, 26] . JER54 and JER58 are exclusively constituted of tandem repeat sequences. JER47 encodes two cysteine-rich domains surrounding a repetitive domain. It has not been possible to assign any of these MUC5AC cDNAs to particular positions in the coding sequence, but they are assumed to occupy positions in the central part of the gene. Moreover, analysis of these clones strongly suggests an alternating structure of cysteine-rich domains and repetitive domains in the central region of MUC5AC.
In this study, we report the complete cDNA sequence of the 5h-region of the human MUC5AC gene and the genomic sequence of its large central repetitive region. We hypothesized that HGM1 was a part of the 5h-region of MUC5AC due to the 99 % sequence identity between the MUC5AC cDNA clones JUL32 [3] and HGM1 (positions nt 1942-2282) [12] , and the 60 % similarity between the 5h-region of HGM1 and the D3-type domain of MUC2 [5] . Moreover, a cDNA clone called MUCY was produced in our laboratory by 5h-rapid amplification of cDNA ends (' RACE ')-PCR using a primer located in the 5h-region of MUC5B. In spite of sequence similarities, comparative sequence analyses between MUCY and the genomic MUC5B clone BEN1 showed that MUCY could not belong to MUC5B. We hypothesized that MUCY was a part of the 5h-region of MUC5AC.
Based on these two hypotheses, reverse transcriptase (RT)-PCR experiments were performed with oligonucleotides, sequences of which were deduced from HGM1 and MUCY. Overlapping clones were obtained, yielding the overall sequence of the 5h-region of MUC5AC. Moreover, based on the hypothesis that just as other mucin genes the central repetitive region of MUC5AC was derived from one exon [27] [28] [29] [30] [31] , the organization of the central region was characterized by PCR using genomic DNA as template. Amplifications were performed with oligonucleotides located in the 5h-and 3h-regions of MUC5AC or in JER47.
EXPERIMENTAL Oligonucleotide primers
Oligonucleotide primers used in amplification and sequence experiments were synthesized by Eurogentec (Lie' ge, Belgium) or by MWG-Biotech (Ebersberg, Germany).
RT-PCR
The first RT-PCR reaction was performed using TITAN TM one tube RT-PCR kit (Roche Diagnostics, Meylan, France) according to the manufacturer's instructions. The reaction was conducted on human tracheal polyadenylated RNA [poly(A) + RNA] (0.1 µg) (ClonTech, Heidelberg, Germany) using sense primer NAU164 located in 5h-region of MUCY clone with antisense primer NAU131, the sequence of which was deduced from the HGM1 cDNA clone (EMBL DataBank accession number X81649) (positions nt 623-643) [12] .
For other RT-PCR experiments, human tracheal poly(A) + RNA (ClonTech) (0.4 µg) was reverse transcribed using the Advantage TM RT-for-PCR kit (ClonTech) and random primers according to pthe manufacturer's instructions. [25] . Amplifications were performed in a PerkinElmer Thermal Cycler 9700 (Applied Biosystems, Courtaboeuf, France). PCR reactions were conducted in 50 µl reaction volumes containing 5 µl of 10ibuffer (100 mM Tris\ HCl, 15 mM MgCl # , 500 mM KCl, pH 8.3), 4 µl of 10 mM dNTPs, 1-2 µl of first strand tracheal cDNA, 10 pmol of each primer and 2 units of Taq DNA polymerase (Roche). The mixture was denatured at 94 mC for 4 min, followed by 30 cycles at 94 mC for 45 s, 58-60 mC for 45 s, and 72 mC for 2 min. The final elongation step was extended for an additional 15 min. After electrophoresis, the amplified products were purified using Wizard TM PCR Preps DNA purification resin (Promega, Charbonnie' res, France).
DNA cloning
PCR fragments were cloned into pCR2.1 vector with the Original TA cloning TM kit (Invitrogen, Leek, The Netherlands) according to the manufacturer's instructions. Some restriction fragments were subcloned into the pBluescript KS(j) vector (Stratagene, St Quentin en Yvelines, France).
Plasmid DNA purification
Plasmid DNA was purified using Qiaprep Spin Plasmid kit (Qiagen, Courtaboeuf, France) or Wizard TM minipreps DNA purification sytem (Promega).
Amplifications on genomic DNA
PCR reactions were performed on genomic DNA from a unique volunteer (designated T97051) in the aim to limit variations relative to interindividual VNTR polymorphism.
To characterize the organization of the central region, long expansion PCR was performed using Expand TM Long Template PCR System (Roche) with primers chosen in specific nonrepetitive sequences to avoid cross-hybridization with MUC2 and MUC5B and multiple annealing : NAU149 (sense) located in HGM1 (positions nt 1109-1129), NAU182 (antisense) located in JER47 (EMBL DataBank accession number Z34277) (positions nt 925-948) [3] and NAU241 (antisense) located just downstream of the first intron in the 3h-region of MUC5AC (EMBL DataBank accession number AJ001402) (positions nt 670-690) [13] . The PCR amplification mixture (50 µl) contained 200 ng of genomic DNA, 2.5 µl of sodium, 10 mM dNTPs, 15 pmol of each primer, 1.5 µl of 2.25 mM MgCl #, 5 µl of 10iExpand TM long Template PCR buffer 3 and 2.5 units of enzyme mixture. Amplifications were performed in a PerkinElmer Thermal Cycler 9700. PCR parameters were 94 mC for 2 min, followed by 30 cycles at 94 mC for 10 s, annealing at 60 mC for 45 s, and elongation at 71 mC for 45 s, and 68 mC for 10 min. The 20 last cycles had their elongation time extended by 10 s for each new cycle, followed by a final elongation at 71 mC for 15 min. PCR products were subjected to electrophoresis on agarose gel and stained with ethidium bromide. The band of interest was cut out and purified using QIAquick Gel Extraction kit (Qiagen) according to the manufacturer's instructions.
Additional PCR experiments were conducted as described above using 
Sequencing of DNA fragments and data analyses
Clones were sequenced on both strands by the dideoxy-chain termination method using the sequence 2.0 kit (U. S. Biochemical) according to the manufacturer's instructions using [α$&-S]dATP (Amersham International, Saclay, France) and either universal primers or specific internal oligonucleotides. Sequences were also determined by automatic sequencing with a DNA sequencer model 4000L LI-COR and the SequiTherm Excel TM II Long-read Premix DNA sequencing Kit-LC (Tebu, Le Perray en Ivelynes, France) using standard vector primers or with ABI PRISM model 377 XL automatic sequencer using the ABI PRISM dRhodamine terminator cycle ready reaction kit (Applied Biosystems). Some of the sequencing analyses were performed by direct sequencing of the PCR products with specific primers. Analysis of nucleic acid and protein sequence data was performed using PC\Gene Software (Intelligenetics). 
Southern-blot analysis
Southern blots were performed on human genomic DNA from volunteer T97051 and on PCR products obtained by Expand long PCR on genomic DNA from T97051. Genomic DNA or PCR products were treated with restriction endonucleases (AccI, Hinf I, Sac I, Sau I and TaqI ; Roche). Restriction endonucleases were selected from the sequences flanking the repetitive region of MUC5AC and from the sequences of JER47 and JER58 (EMBL DataBank accession number Z34280) [3] . Sac I was expected to cut closest to the repeat region, Hinf I recognized a site within the sequence of JER58 and Acc I cut in the first cysteine-rich domain of JER47. Sau I and Taq I were expected to recognize sites within cysteine-rich domains. Fragments were separated by electrophoresis in phosphate buffer through 1 % agarose gel, transferred on to a nylon N + membrane and hybridized with the $#P-labelled probes JER58 and TH50-49 as described previously [26] . JER58 probe is a cDNA probe only composed of MUC5AC-specific tandem repeat units [3] . TH50-49 probe is a RT-PCR product specific to cysteine-rich domains (see the Results section for additional information).
RESULTS

Cloning and sequence analysis of the 5h-region of the MUC5AC tracheal cDNA
Since MUC5AC is highly expressed in trachea and has been initially isolated from a human tracheobronchial cDNA library, RT-PCR experiments were performed with human tracheal RNA.
The first RT-PCR reaction was conducted using the sense primer NAU164 located in MUCY with the antisense primer NAU131 located in HGM1 (see the Experimental section) ( Figure  1A ). This yielded a 3.7-kb PCR fragment designated TH164-131, 640-bp of which overlapped with HGM1. To facilitate sequence analysis, TH164-131 was subcloned after digestion by the restrction endonuclease PstI. Another RT-PCR experiment was conducted using specific primers of HGM1 (NAU117 and NAU189), yielding a 0.6-kb fragment designated TH117-189. The combined sequences from TH164-131 and TH117-189 allowed us to establish the whole coding sequence of the 5h-region of MUC5AC. The nucleotide sequence designed TH164-189 was 4228 bp in length [EMBL Databank under accession number AJ298317 (positions nt 1-4228)]. At base j39 there is a ATG codon embedded in a Kozak consensus sequence, constituting a putative translation start site [32] . Comparative sequence analyses reveal that the 5h-region of the MUC5AC tracheal cDNA is nearly similar (99.4 %) to clone MUC5AC-5hRP isolated by Li et al. [14] , except for 14 nt substitutions and two nucleotide insertions and deletions introducing shifts in the reading frame. The sequence is almost identical (99.2 %) with clones HGM1 (positions nt 1-1179) and HGM2 [15] .
The deduced peptide encoded by the open reading frame of the cDNA consists of 1370 amino acids. The sequence contains a high amount of cysteine residues (8.9 %) and seven typical potential N-glycosylation sites (Asn-X-Ser\Thr, where X is any amino acid except Pro). It contains a potential signal peptide, four cysteine-rich domains similar to the D-domains of the human pro-vWF (353 aa, 368 aa, 100 aa and 390 aa) [16] and a short domain (92 aa) corresponding to the MUC11p15-type domain described by Desseyn et al. [9] (Figure 1C) . Positions for the cysteine residues in the D-domains correspond almost exactly to those described previously for the N-termini of human MUC2 and MUC5B [5, 6, 9] and several other amino acid residues are also well conserved. The sequence similarity with MUC2 and MUC5B is about 50 % and 59 % respectively.
Cloning of the central region of MUC5AC
Characterization of the organization of the central region has not been an easy task because of its highly repetitive nature and large size. Screening of genomic cosmid libraries with several specific MUC5AC probes did not yield any MUC5AC clone. RT-PCR and PCR experiments and Southern-blot analyses provided a convenient alternative to determine the organization and the sequence of the central region of MUC5AC.
First, RT-PCRs were conducted using specific primers of HGM1 (NAU49 and NAU149), JUL32 (NAU50 and NAU51) and JER54 (NAU34). Four overlapping clones, called TH149-51 (1 kb), TH50-49 (0.5 kb), TH50-49(2) (1.6 kb) and TH50-34 (1.3 kb) were obtained allowing us to make the physical link between the 5h-region of MUC5AC and its specific repetitive region (see their location in Figure 1A ). The compilation of nucleotide sequences of these four clones yielded a sequence of 3225 bp, corresponding to HGM1 sequence (positions nt 1109-2551) extended by 1782 bp of novel sequence consisting of the perfect repetition except for three point mutations of the 3h-end sequence of HGM1 (positions nt 1433-2551) followed by 24 MUC5AC-type repeats.
Due to the difficulties of amplifying large fragments in the repetitive region by RT-PCR, PCR experiments were performed on genomic DNA using primers NAU149, NAU241, and NAU182 (see the Experimental section). We obtained two products of 10.5 kb and 5.5 kb which were called ZH149-241 and ZH149-182 respectively ( Figures 1B and 2A) . To verify that these fragments consisted of MUC5AC sequences, they were further characterized by Southern-blot analysis with MUC5AC specific probes JER58 and TH50-49. The probes reacted with the two PCR products ( Figure 2B ) indicating that they belonged to MUC5AC. The fragment ZH149-241 allowed us to make the physical link between the 5h-and 3h-regions of MUC5AC. The ZH149-241 and ZH149-182 fragments could not be successfully cloned into plasmid vectors. Nevertheless, these clones were partially sequenced from both ends by ' walking ' with specific primers directly on PCR products. An additional PCR was performed using primers NAU117 and NAU189 ( Figure 1B) , and comparison of the genomic sequences determined with the cDNA
Figure 3 Amino acid sequence comparison between cysteine-rich domains of MUC5AC
Sequences were deduced from nucleotide sequences and were aligned to give maximum identity with a minimal number of gaps. -, gaps introduced in the sequence for alignment purposes. Cysteine residues are in bold. Highly conserved amino acids are shadowed and boxed.
sequences revealed the presence of the last intron upstream the tandem repeat array, thus identifying the 5h-end of the central exon. It is 687 bp in length (results not shown) and located in the MUC11p15-type domain between positions nt 4047 and nt 4048 (class I). With our previous results regarding the 3h-region of MUC5AC [13] , this result allowed the determination of the boundaries of the large central exon.
Next, Southern-blot analysis of the two PCR products ZH149-241 and ZH149-182 was performed after digestion by restriction endonucleases Hinf I, Sac I and Acc I (results not shown). Comparison of profiles obtained after hybridization with JER58 and TH50-49 probes allowed us to ascertain the organization of the repetitive region as follows : the size of the large central exon is approx. 10.5 kb, Hinf I which only cuts inside the ZH149-182 fragment permitted us to position JER58 in this region, and likewise, Acc I which cuts only once inside the ZH149-241 fragment permitted us to precisely localize the JER47 clone.
Further study involved PCR experiments using primers located in HGM1 (NAU49), JUL32 (NAU50) and JER47 (NAU48, NAU608 and NAU609). Four overlapping fragments were obtained and called ZH50-608 (3.8 kb), ZH48-49 (1.1 kb), ZH609-49 (1.5 kb), and ZH48-49(2) (2.3 kb) respectively ( Figure  1B) . Clones ZH48-49 and ZH609-49 were fully sequenced, but only end-sequences of ZH50-608 and ZH48-49(2) could be obtained. Nevertheless, these regions likely consist entirely of tandem repeats as strongly suggested by the results of Southernblot analysis performed on genomic DNA from T97051 (see below and Figure 5 ). The four clones show a particular internal organization similar to that of JER47. Two non-repetitive sequences are located at the 5h-end and at the 3h-end of the clone, surrounding a 24 bp tandem repeat sequence which characterizes the MUC5AC gene. ZH48-49 shows 100 % sequence similarity to JER47 [3] and ZH50-608 contains the sequence of clone 4F described previously by Ho et al. [33] .
Additional PCR experiments were carried out using primers NAU917 and NAU918 chosen in the repetitive sequence of ZH609-49, allowing us to obtain three overlapping fragments 
Sequence analyses of the central region of MUC5AC and of the deduced peptide
The compiled nucleotide sequences obtained allowed us to establish the near complete sequence of the central region. The nucleotide sequences are available from EMBL DataBank under accession numbers AJ298317 (positions nt 4229-7382), AJ298318 and AJ298319.
The size of the central exon is approx. 10.5 kb. In the deduced amino acid sequence, 17 major domains have been identified ( Figure 1C ). Nine code for cysteine-rich domains, called Cysdomains 1-9, which contain ten cysteine residues per 110 amino acid residues. Their amino acid sequences are displayed in Figure  3 . In addition to the remarkable conservation of the cysteine residues, the conservation of numerous other amino acid residues is to be noted. Cys-domain 2 and Cys-domain 4 present a perfect sequence similarity except for five mutations at the nucleotide level which lead to only two modifications in the deduced amino acid sequence. Cys-domain 3 and Cys-domains 5-9 are nearly identical and contain the TR3A tryptic peptide (WFDVD-FPSPGPHGGDKETYNNI) which was initially isolated from human lung mucus [34] . There is one conserved potential O-glycosylation site in each of these subdomains. No potential N-glycosylation site exists. Cys-domains 1-5 are interspersed with no repetitive sequences, but threonine\serine\proline-rich domains designated TSP1-TSP4 which contain no cysteine residues. TSP1\TSP3 and TSP2\TSP4 are nearly identical and only include three and two modifications in the deduced amino acid sequence respectively. Five domains Cys-domains 5-9 are interspersed by four domains (TR1-TR4) composed of various numbers of MUC5AC-specific tandem repeat of 8 aa. The alignment of the corresponding deduced amino acid sequences of TR1-TR4 is shown in Figure 4 . Domains TR1 and TR4 are comprised of approx. 124 tandem repeats and 66 tandem repeats respectively, whereas TR2 is composed of 17 tandem repeats, and TR3 of 34 tandem repeats. Although the consensus sequence TTSTTSAP is found more frequently, other motifs such as GTTPSPVP are also frequently observed. It is interesting to note that one of the tandem repeat units within TR3 is only 7 aa. This result did not correspond to an artifact since it was also obtained from genomic DNA from another individual. Many serine\
Figure 4 Deduced amino acid sequences of tandem repeats
The sequences of the tandem repeats in TR1 to TR4 are aligned. Although consensus sequence TTSTTSAP is found more frequently, others motifs such as GTTPSPVP are also frequently observed. It is interesting to note that one of the tandem repeat units within TR3 is only 7 residues in length. threonine residues were predicted by the NetOglyc 2.0 method [35] to be potential O-glycosylation sites. The sequence TXXP, which has been implicated as a major site for GalNAc addition, is found in more than 95 repeats. Moreover, at least one potential N-glycosylation site exists in the tandem repeat domains. Each tandem repeat domain is preceded and followed by short unique sequences of 21 aa and 30 aa respectively, which are nearly identical to each other.
Southern-blot analysis
Southern-blot analysis was also performed on genomic DNA from T97051. DNA was digested with restriction enzymes Sac I, Hinf I, Sau I and Taq I. Digested fragments were hybridized with cDNA probes JER58 and TH50-49. Southern-blot results and sizes of the restriction-enzyme-digested DNA fragments are indicated in Figure 5 . With Sac I, which digests nearest to the central repetitive region of MUC5AC, a length polymorphism was detected. Two distinct bands of approx. 8.2 kb and 8.4 kb were observed that could be interpreted as the two alleles we called A1 and A2 (Figures 5A and 5B) . Digestion with Hinf I, which cuts only in the first tandem repeat region, revealed a relatively complex pattern of multiple bands. Comparison of the two profiles obtained after hybridization with the JER58 and TH50-49 probes allowed us to provide clear evidence of length polymorphism in the TR1 domain. This interpretation was confirmed by digestion with Taq I (A1, 4.1 kb; A2, 3.5 kb) and Sau I (A1, 3.3 kb; A2, 3.45 kb), which cut within Cysdomain 5 and Cys-domain 6 located at the both ends of the first tandem repeat domain and also by double digestions Hinf I\Taq I (A1, 2.9 kb; A2, 1.95 kb) and Hinf I\Sau I (A1, 2 kb; A2, 2.1 kb). In the same way, comparison of the two profiles obtained after digestion by Hinf I\Taq I or Hinf I\Sau I and hybridization with JER58 strongly suggested the presence of a restriction site polymorphism Taq I in the Cys-domain 6 (Hinf I\TaqI : A1, 2.9 kb; A2, 1.95 kb) (HinfI\Sau I : A1, 2.1 kb; A2, 2 kb). Sequencing of the ZH48-49 clones corresponding to the two alleles (see their location in Figure 1B ) confirmed this result, and allowed us to conclude that TR2 did not vary in length in our individual.
Comparison of the profiles obtained after digestion by Taq I and Sau I permitted us to confirm the results obtained previously. They allowed us also to establish that TR3 did not vary in length (Sau I, 1.25 kb; Taq I, 1.25 kb for A1 and A2), whereas TR4 presented a VNTR polymorphism (Sau I : A1, 2.05 kb; A2, 2.1 kb) and (Taq I : A1, 1.25 kb; A2, 1.95 kb) and that TR1 and TR4 domain consisted entirely of repeats. The precise partial restriction map of the central region of MUC5AC that could be deduced from results from Southern-blot analyses and also from nucleotide sequence is indicated in Figure 5C .
DISCUSSION
The study reported here presents the overall sequence of the 5h-and central region of MUC5AC. The sequence of the 5h-region of the MUC5AC tracheal cDNA was performed by RT-PCR. Comparative sequence analysis between MUC5AC, MUC2, MUC5B and WF revealed strikingly common features which permitted us to suppose that at base j39 was the translation initiation site. This hypothesis was confirmed by Li et al. [14] . The N-terminal region of MUC5AC contains, as in MUC2 and MUC5B, four cysteine-rich domains which share significant amino acid identities with the D-domains present in the N-terminal region of the pro-vWF ( Figure 6 ). Nearly all the cysteine residues and numerous amino acids are conserved. Multimerization of pro-vWF requires D-domains found in the N-terminal region and particularly three CGLC motifs located in D1-, D2-and D3-domains which are thought to play an important role in the catalysis of interchain disulphide bond formation [36] . As these three motifs are perfectly conserved in D-domains of MUC5AC, it is likely that D-domains found in the N-terminal region of MUC5AC may also function in disulphidelinked multimer formation as shown for porcine submaxillary mucin [37] .
MUC genes are characterized by a large central region which contains tandem repeats rich in serine and threonine residues supporting numerous O-glycan chains and which are encoded by a single large exon [27] [28] [29] [30] [31] . In MUC5AC, the size of the central exon is evaluated to be approx. 10.5 kb in our individual. The determination of its boundaries permit us to identify the position of the last intron (687 bp) of the 5h-region of MUC5AC which is identical to that of the last intron in the 5h-region of MUC5B [9] . Thus, although we did not determine the entire genomic organization of the 5h-region of MUC5AC, it is likely identical to that of MUC5B [9] as we demonstrated previously for the 3h-region of MUC5AC [13] .
The organization of the central exon has been determined by Southern-blot analysis and PCR experiments. As it has been encountered with other repetitive mucin clones, some of the clones were unstable when attempts were made to clone them into plasmid vectors and could not be entirely sequenced [28] . This appears to be due to the unstable nature of DNA segments containing tandem repeats in bacterial host strains. Nevertheless, the precise organization of the central region could be determined, and 17 major domains have been indentified in the deduced peptide ( Figure 6 ). Nine domains (Cys-domains 1-9) of 110 amino acid residues contain ten cysteine residues, and show a very similar organization to that observed twice in MUC2 and rat Muc2, at least twice in mouse Muc5ac and seven times in MUC5B [17] . The structure of the cysteine-rich domains has been conserved over a long evolutionary time scale. The conservation of numerous amino acid residues, in addition to the cysteine residues, suggests an important role for these domains in the preservation of the essential function of mucin. Four repetitive domains (TR1-TR4) are comprised of MUC5AC-specific repeats of 8 aa which, unlike cysteine-rich domains, differ in sequence and size between both species and different mucins.
Most of the mucin genes tested have been found to show a high level of genetically determined polymorphism [31, 38] . This polymorphism is mainly due to VNTR within the large central domain and is thus reflected both at the RNA and DNA levels [18, [38] [39] [40] . In some cases, the variation in repeat numbers is so great that it could be responsible for a 2-fold difference in the length of the coding sequence and size of the protein [38] . For example, MUC1 contains from as few as 20 to as many as 125 tandem repeats in the population [41] , the MUC4 gene from approx. 145-395 repeats [31] and the MUC2 gene from approx. 51-115 repeats [28] . These VNTR polymorphisms are thought to occur by unequal, but homologous, cross-over events. In contrast, no VNTR has been demonstrated in the central region of MUC5B. Restriction-fragment-length polymorphism of the MUC5AC gene has been noted in our laboratory and by others [38, 42] . Knowledge of the MUC5AC gene structure obtained in this study will allow us to better understand the individual differences that exist in this gene. We have demonstrated that the central region is coded by approx. 10.5 kb in our individual and that a minimal degree of VNTR genetic polymorphism (in our individual, the two alleles differs in size by less than 0.5 kb) is observed, as described previously [38] . The small difference in length of MUC5AC and no length variation of MUC5B could be explained because MUC5AC and MUC5B have interrupting cysteine-rich domains, seven in the case of MUC5B and nine in MUC5AC, whereas the other mucins contain a major uninterrupted tandem repeat. It seems that the first type of organization limits the VNTR mutation and stabilizes the gene structure, whereas the long stretches of simple repeats are conductive to VNTR mutation because of homologous recombination. According to this, in MUC5AC, the two polymorphic zones are located in TR1 and TR4 which contain more tandem repeat units than TR2 or TR3 and also more tandem repeat units than in MUC5B. The MUC5AC gene also exhibits a mutation polymorphism in the Cys-domain 6 that is detectable using the enzyme Taq I. A similar polymorphism for Taq I has been characterized for MUC6 and MUC2 [29, 39] .
Variation in length of the glycosylated tandem repeat domain is likely to affect mucin functions by altering the physicochemical properties through changes in the size and extent of glycosylation, and thus the accessibility of the cell surface to bacteria and other environmental agents, as well as the consistency of the mucus. For instance it has been demonstrated for MUC1 and rat Muc4 that the number of repeats is a critical factor for their antiadhesive property [43, 44] . Nevertheless, it is not clear at this stage what impact variation in the length of the tandem repeat region of MUC5AC is likely to have, especially since the predicted differences in polypeptide length are not substantial.
In conclusion, the MUC5AC cDNA sequence is approximately 17.5 kb in length with a central exon of 10.5 kb containing the overall repetitive region. Its organization is similar to those of the other members of the chromosome 11p15 mucin gene family, particularly MUC5B, providing additional arguments for their common evolution from a single ancestral gene.
